The Vallesian Crisis was initially recognized as a local event, which implied the extinction of certain rodent and artiodactyl genera coinciding with the early/late Vallesian boundary (at 9.7 Ma). Following works increased the range and extent of this event to encompass all Europe and involve a great number of mammal taxa. Here, we analyze the Vallesian rodent and insectivore record of the Vallès-Penedès basin (Catalonia, Spain), where the crisis was first recognized. We show that the quality of the record before the crisis is comparatively much better than afterwards so diversity appears inflated and extinction rates are overrated. Accordingly, we used inferred taxon ranges and rarefaction to calculate new diversity measures independent of sample size. These measures virtually eliminate the Vallesian Crisis, showing that diversity somewhat decreased during the earliest late Vallesian and soon recovered afterwards. This is because it cannot be discarded that several rare taxa, customarily said to have disappeared during the crisis, are in fact present. Amongst the rodents and insectivores, these taxa include genera that are generally rare and show a discontinuous record during the early Vallesian. These are presumed specialists adapted to humid forested environments such as flying squirrels, beavers or certain dormice, most of them being only recorded when the sample size is large enough. Alternatively, these genera may have been associated to very specific habitats which, for an unknown reason, are not sampled during the late Vallesian. Our results cast serious doubts on the very existence of the Vallesian Crisis suggesting that rather than an abrupt event a series of extinctions occurred during a longer time span. It has not been evaluated whether the same pattern is observed in the case of large mammals and in other areas. However, our results show that biases introduced by the quality of the record need to be taken into account when assessing the extent of the event.
Introduction
The Vallesian stage was first proposed by M. Crusafont (1950) for the Late Miocene faunas of the Vallès-Penedès basin (Barcelona, Catalonia, Spain) characterized by the first appearance of the three-toed hipparionine horses (Hipparion s.l.) . At that time, Hipparion (now split into several genera) was known to be a characteristic element of the Late Miocene faunas of Pikermi (Greece), which also included certain bovids, giraffids and other open-country mammals. The European Middle Miocene sites known to that date included La Grive and Sansan, both in France, which showed a completely different mammal assemblage, dominated by cervids and suids and characteristic of more humid and forested environments. The Vallesian assemblages were intermediate between both faunas, Hipparion and certain eastern immigrants (for example the giraffid Palaeotragus or the felid Machairodus) were present, but coexisted with Middle Miocene elements characteristic of forested environments. Crusafont (1950) noted that the final extinction of these forest-dwelling forms and the arrival of new eastern immigrants did not occur until the Late Pontian (= Turolian). The Vallesian faunas and environments would reflect that the changes that occurred during the Late Miocene were gradual (Crusafont, 1950) .
Since then, Vallesian mammal assemblages have been recognized in Eurasia and Northern Africa and the use of the stage name is widespread (Mein, 1975; Lindsay and Tedford, 1990 ). The Vallesian was subdivided into early and late Vallesian, that later on Mein (1975) equaled to his Mammal Neogene Zones (MN) MN9 and MN10, respectively. At the same time, the Vallesian record in its type-area became progressively more complete, notably with the discovery of new sites and after the large scale excavation of major classical ones such as Can Llobateres in Sabadell (Crusafont, 1964) . The latter site in particular has been excavated during several years and stands out as one of the most densely sampled localities of the European Miocene (for an account of older campaigns see Galobart et al., 2011;  for the results of more recent ones see Begun et al., 1990; Moyà-Solà and Köhler, 1993 , 1995 .
With all these new data, Agustí and Moyà-Solà noted in the late 1980s and early 1990s that certain rodent and artiodactyl genera recorded during the early Vallesian (MN9) seemed to have disappeared by the late Vallesian (MN10) (Agustí, 1981; Agustí et al., 1984; Moyà-Solà & Agustí, 1987) . Whereas the Aragonian/Vallesian transition (that is the Middle/Late Miocene boundary) did not represent any remarkable change in the rodent assemblages, during the early/late Vallesian one most of the glirids and eomyids, together with some muroids (Megacricetodon, Eumyarion) seem to have disappeared. Amongst the artiodactyls certain bovids (Protragocerus, Miotragocerus) , suids (Listriodon, Hyotherium, Parachleuastochoerus) and cervids (Euprox) went extinct. At the same time, some faunal elements typical of the Turolian (including Tragoportax¸ Microstonyx, Adcrocuta and Progonomys hispanicus) first appear at the early/late Vallesian boundary. It is interesting to note that in these early publications the authors did not refer to this event as a diversity crisis and restricted its geographical range to the Vallès-Penedès basin. However, in later works the severity of this event was emphasized Moyà-Solà, 1990, 1991; Moyà-Solà and Agustí, 1990) . Furthermore, in Agustí and Moyà-Solà (1990) , the paper that has become the seminal reference for the Vallesian Crisis, the authors broadened the geographical range of the event to encompass all of Europe. In the same work they conclude that the event was rapid and discuss a correlation with the climatic and paleogeographic evolution of Europe during the Late Miocene. Successive publications already have referred to the event as the 'Vallesian Crisis' (or sometimes as midVallesian Crisis or late Vallesian Crisis) and have added new taxa to the list of victims, such as the flying squirrels (Miopetaurista, Albanensia) , the beavers (Chalicomys, Euroxenomys), certain carnivores (barbourofelids, amphicyonids), rhinoceroses (Lartetotherium and other genera), tapirs and the great ape Hispanopithecus (Agustí et al., 1997 (Agustí et al., , 1999 (Agustí et al., , 2003 Fortelius and Hokkanen, 2001 ). Fortelius et al. (1996) and Fortelius and Hokkanen (2001) noted that the drop in diversity affected mainly medium-sized mammals, both carnivores (mainly mustelids) and herbivores (small suoids, cervids and primates).
On the other hand, the study of other Iberian records, such as the densely sampled micromammal record of the Teruel basin (Van Dam, 1997; Van Dam et al., 2001) , has shown that a number of extinctions occurred during the late Vallesian but over a longer time interval, from about 9.5 to 9.1 Ma (Van Dam, 1997) . The Crisis has not been recognized in Central Europe (Franzen and Storch, 1999; Casanovas-Vilar et al., 2005) , where many forest-adapted taxa (cervids, amphycionids, tapirids) survived into the early Turolian (MN11). In the eastern Mediterranean (Greece, Turkey and nearby countries) the small mammal record does not record major extinctions (De Bruijn et al., 1996) and large mammal diversity increased continuously during the Vallesian, peaking at the early Turolian (Fortelius et al., 1996; Casanovas-Vilar et al., 2005) . Therefore, there is still a debate on the geographical range and timing of the Vallesian Crisis, being either considered an abrupt event that may have affected the whole continent Agustí et al., 1997 Agustí et al., , 1999 Agustí et al., , 2003 Fortelius and Hokkanen, 2001) or a series of extinctions restricted to southwestern Europe (De Bruijn et al., 1996; Casanovas-Vilar et al., 2005 .
The causes of the Vallesian Crisis are even more controversial because the event does not coincide with major environmental perturbations, since the main climatic (Zachos et al., 2001) and vegetation (Mossbrugger et al., 2005) changes in Europe had already started by the Middle Miocene (between 17 and 15 Ma). Therefore, the Vallesian Crisis has been linked to a complex interplay of climatic and paleogeographic causes Agustí et al., 1997 Agustí et al., , 1999 Agustí et al., , 2003 . Those would have led to an increase of the temperature latitudinal gradient along Europe, whereas in the peri-Mediterranean regions they implied the development of marked rainfall seasonality that would have resulted in a more open and dry environment (Agustí et al., 1997 (Agustí et al., , 1999 Van Dam and Weltje, 1999; Fortelius and Hokkanen, 2001; Böhme et al., 2008) . However, Agustí et al. (2003) show the persistence of forested areas during the late Vallesian (at about 9.2 Ma) in the Vallès-Penedès, although deciduous trees define a great proportion of the assemblages. Therefore, these authors relate the Vallesian Crisis in the type area to an increase in temperature seasonality. Nonetheless, deciduous elements already were major constituents of the Middle Miocene forests of both Central Europe (Mossbruger et al., 2005) and the Iberian Peninsula (Barrón et al., 2010) , as well as in coastal areas near the Vallès-Penedès (Gómez-Gras et al., 2001) .
While the geographical extent of the Vallesian Crisis has been questioned by some authors, the existence of such event in the Vallès-Penedès seems beyond doubt. The quality of the Vallesian record in this basin has greatly increased during the previous two decades (see Agustí et al., 1997) and a high degree of dating accuracy has been attained for most of the sites Agustí et al., 1997; Casanovas-Vilar et al., 2011a) . This allows examining Vallesian diversity dynamics for some groups in much more detail than during the 1980s and early 1990s. Furthermore, statistical procedures can be applied to assess how the uneven sampling of the Vallesian sites may affect our perception of diversity changes. J. Agustí, one of the 'discoverers' of the Vallesain Crisis, already noted that a re-evaluation of the event in its type-area should be attempted taking into account the quality of the record and the new data gathered during the 1990s locality. For many localities, this absolute age can be interpolated on the basis of the stratigraphic position of the locality in the local magnetostratigraphic sections (Figs. 1-2 ). The interpolation must be done between two points of known age, such points being the magnetic polarity changes in the section that correspond to geomagnetic chron boundaries. Then we used the formula of Barry et al. (2002) to assign an absolute age to the localities:
(pers. com. to ICV). This is the main goal of this work, in which we further discuss the timing, range and extent of this biotic event.
Material and methods

Age of localities and assignment to temporal intervals
The temporal ordination of faunal events as well as the calculation of sampling probability and inferred taxon ranges (see section 2.3) requires assigning an absolute age to each showing the local magnetic polarity and are correlated to the Geomagnetic Polarity Time Scale (GPTS). Dots represent the sites within a magnetostratigraphic section and are indicated next to it. Localities correlated by means of biostratigraphy are indicated with a square. Each one is assigned to a unique local biozone. The age of geomagnetic chron boundaries is taken from Ogg and Smith (2004) whereas the stratigraphic position of the different localities is taken from Garcés (1995) environment, this basic assumption is clearly violated. However, if no contained hiatus is large relative to the duration of an interval and if the distribution of such hiatuses is random within the stratigraphic sections, these age estimations can be considered adequate (Badgley et al., 1986; Barry et al., 2002) . The relative stratigraphic thickness of the same geomagnetic intervals between our local sections is comparable and these sections do not show major hiatuses. The methods described above can only be used to assign an absolute age to those sites that are placed in magnetostratigraphical sections, which in our case include about half of the sites considered (see Table 1 ). For the Castell de Barberà site, even though there are no magnetostratigraphical data, the stratigraphical distance to the site of Can Llobateres 1 (placed in the Can Llobateres section) is known to be of 110 m (Crusafont Pairó and Truyols Santonja, 1951) , so its absolute age can be estimated taking into account mean accumulation rates for the basin. Garcés (1995) and calculated a smooth sedimentation rate of 20 cm/ kyr for the whole basin infill, although they observed that the rate was much higher during the early Vallesian in the more tectonically active basin margin, with rates approaching 100 cm/kyr. Castell de Barberà is located in the distal facies of the Castellar del Vallès alluvial fan system, so slower accumulation rates should be inferred. Our estimates yield an age of 10.82 Ma if a sedimentation rate of 100 cm/kyr is assumed and of 10.27 Ma if one of 20 cm/kyr is considered instead. Considering these maximum and minimum possible values, we decided to assign a mean age to that site of 10.55 Ma. This places Castell de Barberà within the Hipparion s.l. + Megacricetodon ibericus concurrent range zone, and therefore in the early Vallesian. This site is commonly considered to be late Aragonian in age (see for example Agustí et al., 1999 ), but De Bruijn et al. (1992 assigned it to the early Vallesian on the basis of the finding of a single Hipparion molar by M. Pickford during a visit to the site with M. Crusafont. In fact, Hipparion had already been reported by Crusafont and Golpe-Posse (1974) and recently Rotgers et al. (2011) figured a Hipparion m3 found in the collections of this site. Considering the available evidence and taking into account our age estimations, an early Vallesian age for Castell de Barberà seems correct.
With regard to the remaining sites in our database, the correlation is entirely based on biostratigraphical data. Luckily, all the sites can be unambiguously assigned to one of the Vallès-Penedès local zones (for the most recent update, see Casanovas-Vilar et al., 2011a , so their age must lie between the top and bottom boundary ages for that particular zone. In their turn, the age of zone boundaries has been established on the basis of magnetostratigraphical data. For these localities, age uncertainty is affected by the duration of the biozone; the shorter the biozone, the higher the resolution. The duration of the biozones ranges between 0.2 and 0.7 my, with our first and last zones being the longest ones. Since the age of these localities is poorly constrained and several difwhere Age is the estimated absolute age for the locality; UAge and LAge are the ages of the upper and lower boundaries of the geomagnetic chron, respectively; T is the stratigraphic thickness of that magnetozone in the local section; and SD is the stratigraphic distance between the locality and the top of the magnetozone in the same section (Fig. 3) . Clearly the term (LAge-UAge)/T equals to the average rate of sedimentation in the section during the geomagnetic chron. Calculations are carried using the local magnetostratigraphical sections, except when one of the chron boundaries is not recorded in the section. In that case the absolute age is calculated using the composite sections which do record the chron boundaries (Fig. 2) . For the absolute age of the localities, see Table 1 .
Clearly, there is an important underlying assumption of this method: the rate of sediment accumulation within each magnetozone must remain constant. The sites considered in this work are located in medial to distal facies of alluvial fans, where sedimentation is episodic and there are periods of erosion, leading to the existence of many short hiatuses (Sadler, 1981) . Therefore, considering the nature of the depositional Fig. 3 .-An example of the method used to assign an absolute age to the localities (after Barry et al., 2002) . The position of a locality, in this case RT7 (see table 1), in a local magnetostratigraphical section is shown together with its correlation to the Geomagnetical Polarity Time Scale (GPTS). Age is the estimated absolute age for the locality; UAge and LAge are the ages of the upper and lower boundaries of the geomagnetic chron, respectively; T is the stratigraphic thickness of that magnetozone in the local section; and SD is the stratigraphic distance between the locality and the top of the magnetozone in the same section. ferent absolute ages are possible, we have repeated our calculations considering three different age models (Table 1) : 1) the age of the locality is calculated as the mean between maximum and minimum age; 2) maximum age is considered; that is the locality is given the age of the lower boundary of the biozone; 3) minimum age is considered; that is the locality is given the age of the upper boundary of the biozone. Our calculations are repeated considering these three age models, and results are compared in order to assess if the assignment of different ages to these poorly constrained localities significantly affects the results.
Material, sample size and temporal resolution of the analyses
The Vallesian record of the Vallès-Penedès basin is very dense for both large and small vertebrates. Terrestrial and freshwater molluscs, such as snails, are present in most sites, whereas plant macrofossils are also known from a handful of localities. Among the vertebrates, reptile and bird fossils are common, but remain mostly unstudied. In contrast, the mammals have been the subject of continuous publications since the very beginning of palaeontological research in the basin. Even though large mammals are well represented in many sites, this study is exclusively focused in the small mammals. Our analyses require the use of abundance data and such information is not available for the large mammals from most sites. In contrast, a record of the abundance of the different small mammal taxa per locality is routinely written down. Among the small mammals, the rodents and insectivores stand out as the most numerous and comprehensively studied mammal orders (for a review and a list of the most relevant systematic papers for rodents see Casanovas-Vilar, 2007 and for insectivores Van den Hoek Ostende and Furió, 2005) . Chiropterans are extremely rare finds, whereas lagomorphs are common in most sites, but both orders are left outside of our analyses because their systematic study is still ongoing.
We compiled a quantitative dataset that includes specimen counts of rodents and insectivores from 51 sites of Vallesian age. Such counts derive from published data in some cases, bur mostly are based on unpublished reports. As not all dental elements are taxonomically specific, we counted only the molars and the last premolar. Teeth were counted irrespective of whether isolated or in a mandible. In other words, a mandible with complete toothrow would be counted as 4 (1 last premolar and 3 molars). Since all the insectivores and some rodent families (in our case Sciuridae, Castoridae, Gliridae, Eomyidae) have premolars and others do not (muroid rodents), this results in an over-representation of the former taxa. To avoid this bias some works have considered the number of first and second molars (for example see Van der Meulen, Daams, 1992; Van Dam, 1997) . However, and CasanovasVilar (2007) already showed that since in most of the sites the muroid rodents define the bulk of the recovered dental remains this way of counting the specimens will have minimal effects on our calculations. The total sample size is of 5,474 cheek teeth belonging to 26 different rodent genera and 14 insectivore ones. The calculations are carried at the genus level for two main reasons: 1) it allows for the inclusion of taxa that are represented by very scarce material, insufficient to identify it to the species level; 2) for an important number of sites comprehensive systematic descriptions have not been published, even though identifications at the genus level are already available. Carrying the calculations out at the genus level has its advantages, but it also limits our conclusions, since our analyses will not be able to elucidate patterns occurring at the species level.
The studied time frame covers the entire Vallesian, which is divided in 0.1 Ma intervals in order to perform our analyses (see section 2.3). Each locality is assigned to a single interval. Given the relatively short studied time span (slightly more than 2 Ma), 0.1 Ma bins are considered the smallest possible scale of analysis. Similar studies (see for example Barry et al., 2002) have used 0.5 Ma bins, but much longer records of about 6 Ma were studied. Van Dam et al. (2006) also used 0.1 Ma bins in their calculations, which also considered rodents and similar sedimentary environments. Considering that the typical extent of time-averaging for terrestrial vertebrate assemblages in fluvial systems and surface accumulations ranges from 100 to 10,000 years (Behrensmeyer, 1982; Kidwell and Behrensmeyer, 1992) , smaller temporal bins do not seem advisable.
Although the Vallesian as a whole is well covered by many sites depending on the age model used (see section 2.1), a few 0.1 time intervals are not represented by any site (see Figs. 3-8 ). In age model 1, six out of 22 intervals are not represented, whereas in models 2 and 3 the proportion increases to 8/22 and 10/25, respectively. These unrepresented intervals mostly correspond to the first half of the early Vallesian 
Diversity measures
Genus diversity is calculated for each 0.1 Ma interval and three different measures are shown for each age model . The first one of these measures is the recorded diversity, that is, the total number of genera recovered at each site without assessing the bias introduced by the quality of the record. This measure is expected to show important fluctuations related to differences in sample size between 0.1 Ma bins rather than reflecting true patterns. Our second diversity measure takes into account the inferred ranges for the different genera and is expected to be less affected by differences in sample size. The same applies to our third diversity measure, rarified diversity, which standardizes our sample size using rarefaction. Rarefaction estimates taxon diversity for a smaller sample than the actual one. The algorithm is taken from Krebs (1989) and calculations have been carried using PAST 2.14 (Hammer et al., 2001) . For each age model, we have rarified the sample size of all the bins to a sample size of 100 specimens. For a few time bins (particularly during the earliest and the latest Vallesian), the sample size of the bins is smaller than 100 cheek teeth, so in those cases rarified diversity is not computed. Rarefaction requires a number of conditions: 1) samples should be taxonomically similar and taken from more or less comparable habitats; 2) the collections must have been obtained using standardized sampling procedures (Tipper, 1979) . Our data meet both requirements. The rodent and insectivore generic composition in our sites is similar, with only a few additions and absences at particular localities or during certain time intervals, but with no marked differences. All the sites are placed in medial to distal facies of alluvial fan systems, so we can assume that, in a broad sense, the habitat was similar, because the depositional environment is the same for all localities. Finally, the material was recovered using standard screen-washing methods as described in Daams and Freudenthal (1988) .
Assessing sample size effects
Figures 7-9 show diversity curves and include a bar-chart representing the sample size (in number of insectivore and rodent cheek teeth) for each 0.1 Ma bin. Unrepresented intervals are shadowed. Even though the bar-charts immediately provide a visual approach that allows evaluating the effects of sample size on diversity measures, Spearman's rank order correlation is used to assess the probability of correlation of the different diversity measures with sample size (Table 2) . The calculations are carried using PAST 2.14 (Hammer et al., 2001) . For rarified diversity, the intervals with sample sizes below 100 individuals are not considered.
Results
There is a clear correlation between sample size and recorded diversity, regardless of the age model used (Figs. 7-9 and to the latest Vallesian. We must caution that the presence of unsampled intervals will result in the extension of the inferred ranges of some taxa into these time spans. If the unrepresented intervals coincided or followed the Vallesian Crisis, our results would be clearly invalidated, because the range of many taxa that may have disappeared during the crisis would be expanded to successive unsampled intervals, virtually delaying their extinction. Fortunately, this is not the case in our dataset; the time intervals that are thought to coincide with the Vallesian Crisis (9.7-9.6 Ma) and immediately follow it (9.6-9.3) are well represented in all the age models.
Calculation of sampling probability and inferred genus ranges
Estimating the age of appearance and extinction of a given taxon defines one of the main basic goals of paleontology. However, given the very nature and incompleteness of the fossil record, observed ranges will normally be shorter than the true ones. Accordingly, several methods have been developed for calculating confidence intervals on stratigraphic ranges (Strauss and Sadler, 1989; Marshall, 1990 Marshall, , 1997 . However, these methods assume that fossiliferous horizons are randomly distributed within the original existence intervals, that fossilization events are independent of each other, and that sampling is continuous or random. Obviously, these assumptions will not hold in our case. Instead of these methods, we have used an approach that calculates the probability of finding a given taxon taking into account its abundance and the sample size. Here, we calculate probability of finding the taxon (p) with the methods devised by Barry et al. (2002) as modified by Van where q is the relative abundance of the taxon in the locality where it was first (or last) recorded and r is the additional numbers of specimens sampled. In contrast to Van Dam et al. (2006) , p is not calculated for each locality, but for each 0.1 Ma bin. A genus is considered to be absent when the cumulative probability of finding it over preceding or succeeding intervals is greater than 0.9. In a few cases, a genus is found to disappear from the record and re-appear after some time. In these situations, the genus is assumed to have disappeared from the study area temporally and later reappeared by migration. Inferred genera ranges for the different age models are shown in figures 4-6. Obviously, the inferred appearance of a given taxon may predate its actual first record, and, at the same time, its inferred disappearance may postdate its last record. This is ultimately related to q; if the taxon is very rare in the time bin where it is first or last recorded, its inferred range will usually be long, unless the sample size of the succeeding or preceding time bins is large enough to discard that it was actually present. -Sample size (in number of rodent and insectivore cheek teeth) and diversity measures per 0.1 million year bin using age model 1. Observed diversity (dashed black line) considers raw specimen counts. Note the coincidence between its peaks and larger sample sizes. Expected diversity (solid black line) considers inferred genera ranges in its calculation. Rarified diversity (solid grey line) shows diversity that would be expected after rarifying sample size per interval to n = 100 specimens. Rarified diversity could not be calculated for the time bins with a sample size below 100 specimens and this is indicated using a dashed grey line. Shadowed areas indicate intervals without record. See section 2.4. for details.
and Table 2 ). In all the models, the highest generic diversity is recorded just before the early/late Vallesian boundary, at the 9.8-9.7 Ma interval. After 9.7 Ma, sample size is comparatively much poorer (particularly in age models 2 and 3; Figs. 8-9), hence diversity is notably lower. This loss of diversity coincides with the Vallesian Crisis, but our results show that this pattern may clearly be a bias introduced by a marked difference of the quality of the record between the early and late Vallesian. Furthermore, the fact that the time interval that precedes the Vallesian Crisis stands out as the richest one contributes to artificially emphasize the apparent loss of genera, simply because its greater sample size allows recording many rare taxa. Interestingly, all models show quite a high diversity in the 9.2-9.1 Ma interval, by the end of the Vallesian, which is always associated with a small sample size. When the probability of sampling is taken into account, we can draw the inferred ranges for the rodent and insectivore genera. Figures 4-6 clearly show that many taxa, particularly amongst the sciurids, castorids, glirids and insectivores, are only sporadically recorded. Most of these intermittently present taxa are said to have gone extinct during the Vallesian Crisis (Albanensia, Miopetaurista, Chalicomys, Euroxenomys, Myoglis, Paraglirulus, Eomyops, Keramidomys; see Agustí and Moyà-Solà, 1990; Agustí et al., 1997 Agustí et al., , 2003 , but they are sometimes recorded in certain late Vallesian sites, though they are always rare (see section 4.2). Their intermittent presence during the early Vallesian indicates that they were always rare or highly dependent on local environmental conditions. After the Vallesian Crisis, they continue to be intermittently present, even though they become even rarer. Once we consider the probability of sampling, the gaps in the ranges of most of these genera become continuous, with very few still showing discontinuous distribution (Euroxenomys, Muscardinus and in age models 2 and 3 also Myoglis, Paraglirulus and Eomyops). The inferred ranges of a few genera that are not recorded after the early Vallesian extend into the late Vallesian: Paraglis and Megacricetodon for age model 1; and for age models 2 and 3, the former genera plus Albanensia, Democricetodon, Turiasorex and Metacordylodon. In contrast, the glirids Miodyromys and Glirudinus (always rare components of the rodent assemblages) are found to have disappeared before the Vallesian Crisis.
If inferred ranges are used to calculate generic diversity, the correlation with sample size disappears ( Table 2) . At the same time, a clear pattern appears in all graphs ; diversity rapidly increases during the early Vallesian and peaks between 10.5 and 9.7 Ma (with slight temporal variations depending on the age model considered). After that, diversity decreases during the late Vallesian at a similar rate, showing its minimum at the very last time interval in
Discussion
Sample size effects on diversity patterns
Our results clearly show that a raw measurement of smallmammal diversity based on the simple counting of the species present in each locality is inadequate. If diversity is computed in this way, the early Vallesian will always show a much higher diversity than the late Vallesian simply because the sample size is much larger (Figs. 7-9 , Table 2 ). This is even more evident for the time interval that immediately precedes the Vallesian Crisis (9.8-9.7 Ma). This interval comprises Can Llobateres 1 that, with 70 different mammalian species, records the highest diversity during the early Vallesian in all Europe (Madern and Van den Hoek Ostende, 2010) . While this pattern may reflect the existence of a true diversity hotspot, it may largely result from the almost continuous excavation of this site for more than 50 years (Crusafont, 1964 , Begun et al., 1990 Moyà-Solà and Köhler, 1993 , 1995 . Previous accounts on the severity of the Vallesian Crisis in its type area Moyà-Solà and Agustí, 1991; Agustí et al., 1997 Agustí et al., , 1999 have always relied on species counting without correcting for sampling. Unfortunately, the presence of such a marked quality peak immediately inflates diversity as well as origination and extinction rates around to this interval Fig. 8 .-Sample size (in number of rodent and insectivore cheek teeth) and diversity measures per 0.1 million year bin using age model 2. Observed diversity (dashed black line) considers raw specimen counts. Note the coincidence between its peaks and larger sample sizes. Expected diversity (solid black line) considers inferred genera ranges in its calculation. Rarified diversity (solid grey line) shows diversity that would be expected after rarifying sample size per interval to n = 100 specimens. Rarified diversity could not be calculated for the time bins with a sample size below 100 specimens and this is indicated using a dashed grey line. Shadowed areas indicate intervals without record. See section 2.4. for details.
each age model. This reflects the gradual loss of some genera during the late Vallesian, rather than an abrupt diversity collapse. In all models, the paracricetodontid Eumyarion, the castorid Euroxenomys, the sciurid Blackia and the soricids (s. l.) Dinosorex and Miosorex go extinct shortly after the Vallesian Crisis (at about 9.5 Ma). Depending on the model used, other genera disappear by the latest Vallesian, such as the cricetodontids Democricetodon and Megacricetodon, the cricetid Cricetulodon, two undetermined soricid genera and the dimylid Metacordylodon. Finally, when rarefaction is used to approximate diversity for a sample of 100 individuals, a similar pattern is found for the early Vallesian, with diversity peaking between 10.5 and 9.7 Ma (Figs. 7-9 ). After 9.7 Ma, our graphs show a moderate decrease in diversity, with generic richness being comparable to that of the earliest Vallesian. Therefore, even though some taxa seem to have disappeared, there is not a marked extinction event at the early/late Vallesian boundary. However, the most interesting pattern of our results using rarified diversity is the marked increase seen in all models at the 9.2-9.1 Ma interval, when this parameter attains its highest values for the whole Vallesian. As we have discussed earlier, such diversity coincides with a relatively small sample size compared to preceding intervals. In all models, diversity markedly decreases as we get closer to the Vallesian/Turolian boundary. mustelids (Fortelius et al., 1996) . This is particularly interesting, since the highest diversity of mustelids during the European Late Miocene is recorded at Can Llobateres 1. This site has yielded up to 13 different mustelid species , but five of them are known only from this site (Circamustela dechaseuaxi, Hoplictis petteri, Marcetia santigae, Sabadellictis crusafonti, Trochictis narcisoi). Five more are recorded in this site and a couple of sites more, that in general have also been comprehensively sampled such as Rudabánya or Sansan (Martes mellibulla, Mesomephitis medius, Paralutra sp., Promephitis pristidens, Taxodon cf. sansaniensis). Therefore, would Can Llobateres 1 or other similarly well-sampled early Vallesian sites such as Rudabánya (Hungary) or Götzendorf (Austria) have been removed from the calculations, the pattern would have been different. In figure  10 an equal area grid of cells is projected into Europe and species counts for MN9 within each cell are shown. Figure  10a shows the results including Can Llobateres 1, while in Figure 10b this locality is excluded. In the first case there is a clear diversity hot spot coinciding with the Vallès-Penedès basin with 115 different species recorded. This high diversity is followed by the cell covering eastern Austria and western Hungary, where we can find similarly oversampled sites (Götzendorf, Vösendorf). Other diversity hot spots (Teruel (Foote, 2000) . In the case of extinctions, this is because the number of taxa that would have made their last appearance in a preceding interval is then last recorded in the interval with the best record, hence extinction is overestimated after this interval. Clearly this is the case with the Vallesian Crisis, the best sampled interval immediately preceding the event and overemphasizing it.
Then a logical question follows: could these sampling biases affect diversity calculations when all Western Europe is considered? The fact that Can Llobateres 1 appears as a clear diversity hotspot during the early Vallesian (Madern and Van den Hoek Ostende, 2010; see Fig. 10a ) suggests so. The results by Fortelius et al. (1996) agree with a severe Vallesian Crisis that would affect Western Europe, while at the same time diversity in Eastern Europe would increase. Later on, Fortelius and Hokkanen (2001) do show a decrease in diversity in all areas except the eastern Mediterranean. This was presumably associated to the demise of small-to mediumsized herbivores and omnivores such as many suoid and cervid species (Fortelius et al., 1996; Fortelius and Hokkanen, 2001 ) but especially to the disappearance of many small carnivores such as mustelids (Fortelius et al., 1996) . These authors record up to 110 large mammal species lost during the Vallesian Crisis, 43 of them carnivores and 20 of them -Sample size (in number of rodent and insectivore cheek teeth) and diversity measures per 0.1 million year bin using age model 3. Observed diversity (dashed black line) considers raw specimen counts. Note the coincidence between its peaks and larger sample sizes as shown by the histogram. Expected diversity (solid black line) considers inferred genera ranges in its calculation. Rarified diversity (solid grey line) shows diversity that would be expected after rarifying sample size per interval to n = 100 specimens. Rarified diversity could not be calculated for the time bins with a sample size below 100 specimens and this is indicated using a dashed grey line. Shadowed areas indicate intervals without record. See section 2.4. for details.
in Spain, Moldova, eastern Hungary) record a much lower species diversity, between 60 and 90 different species. If Can Llobateres 1 is excluded, the diversity recorded in the Vallès-Penedès decreases to 86 species; still high, but more comparable to that of Teruel and other well-sampled areas of Europe. This simple example, together with our discussion on mustelid diversity, illustrates how the quality of the record for particular sites can affect the calculations if no corrections are applied to diversity measures and how these biases may extend into larger scales. Casanovas-Vilar et al. (2005 computed mean standing diversity (Van Valen, 1984) for the Middle and Late Miocene mammal records of different European regions. This diversity measure excludes the singletons, that is, the taxa known from a single time interval, and in this way somewhat corrects for the different sampling quality. In the case of the Iberian Peninsula, the Vallesian Crisis is still apparent using this measure (Casanovas-Vilar et al., 2010) although it appears to be less marked that using uncorrected data (compare with Casanovas-Vilar et al., 2005) and seems to affect small mammals more severely. A similar, though less marked, decrease in diversity is recorded in Central Europe, but appears to have started by the late Middle Miocene (Casanovas-Vilar et al., 2005; author's unpublished data) . A thorough analysis of the geographical extent of the Vallesian Crisis is beyond the goals of this work; nevertheless, our results show that different diversity measures should be used and compared considering quantitative and presence/absence data. As the mustelid example shows, densely-sampled sites such as Can Llobateres 1 can have important effects on the calculations not only at a local, but also at a regional scale. Clearly, any diversity analysis must take into account and assess such biases.
Who is missing and when: the victims of the Vallesian Crisis
According to the latest reviews, the Vallesian Crisis involved the disappearance of most of the Middle Miocene elements adapted to the subtropical and humid forest environments of Western Europe (Agustí et al., 1997 (Agustí et al., , 1999 (Agustí et al., , 2003 Fortelius and Hokannen, 2001; Casanovas-Vilar and Agustí, 2007; Casanovas-Vilar et al., 2005 . The early Vallesian large mammal faunas were characterized by the coexistence for a short time of Middle Miocene forest elements together with a few eastern immigrants, resulting in a diverse, 'supersaturated' fauna. Similarly, the early Vallesian small mammal assemblages contain a diverse number of purported forestdwellers of Middle Miocene origin, but comparatively fewer immigrants (Cricetulodon, Crusafontina) . Overall the early Vallesian micromammal faunas are very similar to those of the latest Aragonian (Agustí et al., 1997 (Agustí et al., , 1999 CasanovasVilar, 2007) , and do not show increased levels of diversity as seen in the large mammals.
Among the macromammals, the Vallesian Crisis implied the disappearance of several suoids (Listriodon, Albanohyus), carnivores (amphycionids, nimravids), perissodactyls (tapirids, certain rhinocerotids) and, of course, hominoid and pliopithecoid primates (Agustí et al., 1999) . As far as small mammals are concerned, lagomorphs and insectivores do not seem to be much affected by the crisis , whereas a number of rodent genera are supposed to go extinct (Agustí et al., 1997 (Agustí et al., , 1999 (Agustí et al., , 2003 . As said earlier, these include the eomyids (Eomyops, Keramidomys), most of the glirids (Paraglis, Myoglis, Glirudinus, Paraglirulus, Miodyromys) , the pteromyines (Miopetaurista, Albanensia), castorids (Euroxenomys, Chalicomys) and certain muroids of Middle Miocene origin (Eumyarion, Democricetodon, Megacricetodon) . Our knowledge of the Vallesian record of the Vallès-Penedès basin has greatly improved during the past decades with the discovery of a plethora of new sites. Interestingly, some purported victims of the Vallesian Crisis, such as a number of rodents (Eomyops, Paraglirulus, Myoglis, Chalicomys, Miopetaurista) , the boselaphine bovids (Miotragocerus) and even the hominids (Hispanopithecus), have been reported from late Vallesian sites (La Tarumba 1, Torrent de Febulines), even though they are very rare (Agustí et al., 1997; Casanovas-Vilar and Agustí, 2007) . A few of these post-crisis occurrences, like that of Hispanopithecus from La Tarumba (= Viladecavalls; Villalta Comella and Crusafont Pairó, 1944) , were already known when the Vallesian Crisis was proposed. However, it was supposed that all those taxa disappeared shortly after (Agustí et al., 1997 (Agustí et al., , 1999 (Agustí et al., , 2003 .
Amongst the small mammals, the 'victims' of the Vallesian Crisis show a number of common features: 1) they are mostly purported forest-dwellers; 2) they are of Middle Miocene origin; and, more importantly 3) they are rare during the early Vallesian. This third point is worth noting, because these taxa do show a discontinuous distribution, being recorded only in certain sites, usually when sample size is large. The higher diversity recorded in particular early Vallesian time intervals (10.6-10.5 and 9.8-9.7 Ma for all models, besides 10.2-10.1 Ma for models 1 and 2; see Figs. 7-9) is greatly explained by the presence of these rare taxa (compare the diversity curves in those figures with the range charts of figures 4-6). The muroids Eumyarion, Democricetodon and Megacricetodon provide an exception to this general pattern. Megacricetodon ibericus and Democricetodon crusafonti are major components of the earliest Vallesian rodent assemblages (M. ibericus + Hipparion s.l. local zone), but both species disappear at about 10.4 Ma, that is before the crisis, coinciding with the dispersal of more derived cricetids of the genus Cricetulodon (Agustí et al., 1997; Casanovas-Vilar and Agustí, 2007) . Other smaller-sized species of those genera, such as M. minor debruijni and D. brevis nemoralis, were far less common, but survived until the late Vallesian. Eumyarion may be very common at particular sites (Castell de Barberà, Can Llobateres 1) and completely absent in others. Therefore, the smaller-sized species of the genera Democricetodon and Megacricetodon as well as the paracricetodontid Eumyarion do show a discontinuous distribution, similar to that of other 'victims' of the Vallesian Crisis. Such 'victims' are only recovered when sample size is large enough, and, since the sample size of late Vallesian sites is comparatively much smaller than that of the early Vallesian ones, they become virtually absent. Alternatively, these taxa may be highly specialized and associated to specific habitats that are not sampled during the late Vallesian. That may well be the case of beavers, which may be very common in particular sites (Castell de Barberà, Can Llobateres 1), but are mostly absent during the late Vallesian. The evidence provided by sedimentology Ma! This is because the limited sample size during that time interval records some rare taxa that were not present since the early Vallesian. The causes for this are not understood yet. Maybe the sites in this time interval represent a particular habitat favoring the presence of transients. Nonetheless, some local extinctions do occur, although not necessarily at the early/late Vallesian boundary. These include the glirids Glirudinus and Miodyromys, the small castorid Euroxenomys and the soricids s.l. Dinosorex and Miosorex. Depending on the model used, the cricetodontids Megacricetodon and Democricetodon, the eomyid Keramidomys and the dimylid insectivore Metacordylodon also go extinct during the late Vallesian. However, whatever the model used, extinctions are relatively few and distributed along all the late Vallesian, rather than clustered at 9.7 Ma. This contrasts with our general understanding of the Vallesian Crisis, since from the earliest papers it was considered to have been an abrupt event occurring at the early/late Vallesian boundary Moyà-Sola and Agustí, 1991) . Subsequent works reported a number of extinctions occurring at the MN 10 (i.e. between 9.7 and 8.7 Ma), thus supporting that this was a short-lasting event (Fortelius et al., 1996; Agustí et al., 1997 Agustí et al., , 1999 Fortelius and Hokkanen, 2001; Casanovas-Vilar et al., 2010) . According to our results, the disappearance of many micromammal taxa may have been a longer process than shown by the record. The fact that the Vallesian Crisis does not seem to coincide with any significant global climatic event (Van Dam, 2006 ) is in line with this conclusion.
Conclusions and future prospects
Our results show that the quality of the record in the Vallès-Penedès basin during the latest early Vallesian (9.8-9.7 Ma) is much better than afterwards, so a remarkably high number of rare taxa are recorded. Accordingly, the diversity before the Vallesian Crisis is inflated. On the other hand, extinction rate is overestimated simply because the number of rare taxa that would have made their last appearance in a preceding interval is now last recorded in the interval with the better record. The fact that the best sampled interval immediately precedes the Vallesian Crisis automatically overemphasizes the severity of the event.
Following the use of diversity measures that adjust for sample size biases, the Vallesian Crisis turns into a moderate decrease of diversity with a rapid recovery by the latest Vallesian (9.2-9.1 Ma). This is because it cannot be discarded that several rare taxa said to have disappeared during the crisis are in fact present. Amongst the rodents and insectivores, these taxa include forms that are generally rare and show a discontinuous record during the early Vallesian. These are presumed specialists adapted to humid forested environments such as flying squirrels, beavers or certain dormice, most of them being only recorded when the sample size is large enough. Some of them are de facto present in a few late Vallesian sites, thus supporting our interpretation. Nevertheless, all these taxa ulmay indicate that these taxa preferred moist forested environments close to water. already noted that the distribution of some rodent taxa was discontinuous in the Calatayud-Daroca basin, in the province of Zaragoza, east-central Spain. These authors analyzed the Miocene rodent record of that area between 17 and 10 Ma and recognized two kinds of community members: residents and transients. Residents are those species that are present along protracted time spans (> 1.54 million years), whereas transients have shorter durations and are more prone to disappear during times of species loss. Most residents seem to have been ubiquitous taxa or may have been adapted to dry and open environments that characterized the basin for most of the Miocene. In contrast, the transients in the area are supposed specialists favoring humid forested environments. The transients listed by include a number of rodent genera that are discontinuously present in the Vallès-Penedès (the Pteromyinae, Microdyromys, Paraglirulus, Glirudinus, Paraglis and Eumyarion). These authors relate the presence of the transients in the Calatayud-Daroca basin to climatic fluctuations allowing the expansion of humid forests in the area during overall dry conditions. On the other hand, many of these transients would be residents in more humid and forested areas of Central Europe, where they are continuously present. It has been shown that during the Vallesian the environment in the Vallès-Penedès basin was more humid and forested than in the inner Iberian basins (Agustí, 1990; Casanovas-Vilar and Agustí, 2007; Casanovas-Vilar et al., 2008) , therefore suitable habitats for these transient species would be more common. However, those habitats may have been scarce and patchy or may have been located far from the accumulation areas, so transients would be generally rare or even absent from most sites.
An abrupt diversity crisis or a longer turnover event?
Because the discontinuous distribution of rare taxa is largely related to the uneven nature of the record, their ranges become continuous once sampling probability is taken into account (Figs. 4-6) . Then, the inferred ranges of many rare taxa, particularly dormice, flying squirrels and certain insectivores extend into the late Vallesian. The fact that a few of those taxa are actually recorded in a few late Vallesian sites supports the hypothesis that these genera would have survived the Vallesian Crisis and simply would have not been recorded because the sample size is not large enough or the adequate habitats have not been sampled. The use of inferred ranges in our diversity calculations results in the disappearance of the Vallesian Crisis (Figs. 7-9 ). Diversity decreases by the beginning of the late Vallesian and finally recovers by the end of that period, although diversity levels are never as high as during the latest early Vallesian. If we consider rarified diversity instead, the same pattern emerges (Figs. 7-9 ), but with diversity peaking late in the Vallesian between 9.2-9.1 timately disappear during the Late Miocene, though certainly their extinction does not seem to be a sudden event occurring at 9.7 Ma, but during a longer time span.
This work casts doubts on the very existence of this event in the Vallès-Penedès basin as far as rodents and insectivores are concerned. However, could the same biases apply to the large mammal record? A preliminary test on the subject suggests that this could feasibly happen. For example, mustelids are said to be strongly affected by the Vallesian Crisis, losing up to twenty species. But we have shown that this may be strongly influenced by the quality of the record, since ten of these species are known just from one or a couple of sites that have been exhaustively sampled and immediately precede the crisis. Would these sites be removed from our database, the severity of the crisis would reduce by one half. Clearly, any evaluation of the range and extent of the Vallesian Crisis must take into account sample size biases. Additionally, different diversity measures using both abundance and presence/absence data should be used and compared to each other. Ultimately, once these issues are considered the Vallesian Crisis may turn from an abrupt event into a series of Late Miocene extinctions occurring during a longer time span.
